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(57) ABSTRACT 

A birefringent spectral ?lter comprises a ?rst birefringent 
stage and a polarizing beam splitter optically coupled to the 
?rst birefringent stage. The ?rst birefringent stage is adapted 
to generate an optical path difference between light propagat 
ing along each of two orthogonal axes. This con?guration is 
most advantageous when light incident on the ?rst birefrin 
gent stage is polarized at 450 relative to the extraordinary axis 
of the birefringent material. The ?rst birefringent stage may 
advantageously include a ?rst and second layers of birefrin 
gent material and a half-wave plate disposed therebetween. 
Preferably, the ?rst and second layers of birefringent material 
have orthogonally aligned extraordinary axes. 

34 Claims, 6 Drawing Sheets 
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BIREFRINGENT SPECTRAL FILTER 

PRIORITY 

Priority is claimed to US. Provisional Application No. 
60/629,874, ?led on Nov. 19, 2004, the disclosure ofWhich is 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The ?eld of the present invention is spectral ?lters, and 

particularly to those spectral ?lters that employ birefringence 
to generate an optical path difference in incident light. 

2. Background 
Ahyper-spectral sensor is disclosed in US. Pat. No. 6,580, 

509 to Hutchin, the disclosure of Which is incorporated herein 
by reference. This hyper-spectral ?lter, While effective in 
separating bands of light, can be too bulky and heavy for 
certain applications. Other hyper-spectral sensors generally 
suffer from the same shortcoming. 

SUMMARY OF THE INVENTION 

The present invention is directed toWard a birefringent 
spectral ?lter. A birefringent stage and a polarizing beam 
splitter, Which is optically coupled to the birefringent stage, 
are included in the ?lter. The birefringent stage generates an 
optical path difference (OPD) betWeen light propagating 
along each of tWo orthogonal axes. The polarizing beam 
splitter divides light emerging from the birefringent stage into 
tWo beams Which are orthogonally polarized. 

In a ?rst separate aspect of the present invention, the bire 
fringent stage comprises tWo layers of a birefringent material 
With a half-Wave plate disposed therebetWeen. Each layer of 
the birefringent material may have its extraordinary axis 
orthogonally aligned With the extraordinary axis of the other 
layer. Further, the tWo layers of the birefringent material may 
have substantially identical depths. This geometry renders the 
OPD nearly independent of the azimuthal angle of light inci 
dent upon the ?lter. 

In a second separate aspect of the present invention, the 
?lter comprises tWo or more birefringent stages. Each of the 
birefringent stages includes tWo layers of a birefringent mate 
rial, Which may be a different birefringent material used in 
other stages. A half-Wave plate is disposed betWeen the tWo 
layers of the birefringent material. Each layer of the birefrin 
gent material may have its extraordinary axis orthogonally 
aligned With the extraordinary axis of the other layer, and 
these tWo layers may also have substantially identical depths. 
This con?guration renders the OPD independent of the sine 
of the angle of incidence upon the ?lter, 0, at least through the 
second order. 

In a third separate aspect of the present invention, the half 
Wave plates used in multiple stages may be replaced With a 
single half-Wave plate in the middle of the ?lter With one layer 
of each stage before and one layer of each stage after the 
half-Wave plate. Such a con?guration Will have essentially the 
same performance as a design using multiple half-Wave 
plates. 

In a fourth separate aspect of the present invention, the 
birefringent stage comprises a pair of Wedge-shaped layers of 
birefringent material. Each Wedge- shaped layer is movable in 
a direction Which is approximately perpendicular to the opti 
cal axis of the birefringent stage. In addition, the birefringent 
stage may also comprise a half-Wave plate that is formed from 
a pair of Wedge-shaped layers. Like the birefringent material, 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
each Wedge- shaped layer may movable in a direction Which is 
perpendicular to the optical axis of the birefringent stage. 

In a ?fth separate aspect of the present invention, any of the 
previous aspects may be used in combination. 

Accordingly, the present invention provides an improved 
birefringent spectral ?lter. Other objects and advantages Will 
appear hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings, Wherein like reference numerals refer to 
similar components: 

FIG. 1 illustrates a ?lter With a single birefringent stage; 
FIG. 2 illustrates a single birefringent stage and a set of 

reference coordinate axes; 
FIG. 3 illustrates a ?lter With tWo birefringent stages; 
FIG. 4A is a chart illustrating the optical path difference 

generated by a birefringent ?lter over a 110° angle of inci 
dence; 

FIG. 4B is a chart illustrating the optical path difference 
generated by a birefringent ?lter over a 120° angle of inci 
dence; 

FIG. 5A is a chart illustrating the optical path difference 
error generated by a birefringent hyper-spectral ?lter over a 
10° angle of incidence; 

FIG. 5B is a chart illustrating light transmission through a 
birefringent hyper-spectral ?lter over a 110° angle of inci 
dence; 

FIG. 5C is a chart illustrating the optical path difference 
error generated by a birefringent hyper-spectral ?lter over a 
120° angle of incidence; 

FIG. 5D is a chart illustrating light transmission through a 
birefringent hyper-spectral ?lter over a 120° angle of inci 
dence; 

FIG. 6 illustrates tWo birefringent stages of a birefringent 
?lter, each stage having birefringent layers With adjustable 
thicknesses. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Turning in detail to the draWings, FIG. 1 illustrates a bire 
fringent ?lter 10 having a single birefringent stage 12 and a 
polarizing beam splitter 14, each being optically coupled to 
the other. The birefringent stage 12 includes tWo layers 16, 18 
of appropriate birefringent material, preferably the same 
material, separated by a half Wave plate 20. The ?rst layer 16 
of birefringent material has its extraordinary axis orthogo 
nally aligned With the extraordinary axis of the second layer 
18 of birefringent material. The polarizing beam splitter 14 
polarizes light that passes through the birefringent stage 12, 
With light passing through the polarizing beam splitter 14 
having a polarization that is orthogonal to light re?ecting off 
the polarizing beam splitter 14. 

This con?guration Works best When the incident light is 
polarized at 45°.As the light refracts through the ?rst layer 16, 
an OPD is developed betWeen the light propagating along 
each of tWo axes, one along and the other orthogonal to the 
extraordinary axis of the ?rst layer 16. The amount of OPD 
developed during propagation through this ?rst layer 16 is 
determined by the depth of the birefringent material. The 
amount of OPD Will also vary With the angle of incidence. 
Light emerging from the ?rst layer 16 is refracted into the 
half-Wave plate 20, Where the phase of light propagating 
along one of the axes Will be changed by 180°. This results in 
the polarization being rotated by 90° . After emerging from the 
half-Wave plate 20, light passes into the second layer 18 of 
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birefringent material. Again, this second layer 18 preferably 
is constructed of the same birefringent material as, has the 
same depth as, and has an extraordinary axis that is orthogo 
nal to the ?rst layer 16 of birefringent material. Therefore, the 
OPD developed in the second layer 18 is identical to, and 
effectively doubles, the OPD developed in the ?rst layer 16. 
The bene?t of this con?guration is that it creates a condition 
Where the resulting OPD betWeen the tWo axes is nearly 
independent of the azimuthal angle, 4). The coordinates are 
de?ned as shoWn in FIG. 2, Where the z-axis is normal to the 
birefringent stage 12, the position vector, r, corresponds to the 
direction of light propagation, the azimuthal angle, 4), corre 
sponds to the angle of the position vector With respect to the 
x-axis, and the cone angle, 0, corresponds to the angle of 
incidence. 

FIG. 3 illustrates a birefringent ?lter 30 having tWo bire 
fringent stages 32, 34 and a polarizing beam splitter 36. The 
?rst birefringent stage 32 includes tWo layers 38, 40 of bire 
fringent material, both preferably the same material, sepa 
rated by a half-Wave plate 42. Similarly, the second birefrin 
gent stage 34 includes tWo layers 44, 46 of birefringent 
material, both preferably the same material that is different 
from the birefringent material used in the ?rst stage 32, sepa 
rated by a half-Wave plate 48. As described above in reference 
to FIG. 1, the ?rst birefringent stage 32 is con?gured to make 
the OPD independent of the azimuthal angle, 4). The second 
birefringent stage 34 is con?gured similar to the ?rst stage 32, 
except that a different birefringent material, With a different 
index of refraction, is preferably used for the second stage 34. 
Further, the birefringent layers 44, 46 of the second stage 34 
are con?gured to have a depth Which minimizes the sensitiv 
ity of the overall OPD to the angle of incidence, thus effec 
tively enlarging the ?eld-of-vieW of the ?lter. 

The ability to minimize dependence on the azimuthal angle 
4) in FIG. 1 can be understood by expressing the OPD as a 
Taylor Series expansion in poWers of sin(q)) for each birefrin 
gent layer as folloWs: 

Where each cos(q)) in the stage 2 series is the result of the 90° 
rotation of the polarization at the half-Wave plate in the ?rst 
birefringent layer, and O(sin(q))6) and O(cos(q))6) are func 
tions representing the higher order Taylor Series expansion. 
The total OPD is the sum of the tWo layer. If the system Were 
designed so that al:b l, the dependence on 4) Would vanish up 
to the second order. Even so, the fourth order and higher terms 
in 4) (Which are very small) Would remain, each contributing 
to the overall OPD. Clearly if both layers are substantially 
equal in thickness and of the same material, then al:bl and 
the principal source of azimuthal variability Will be cancelled. 

The ability to minimize dependence on the cone angle in 
FIG. 3 can be understood by expressing the OPD as a Taylor 
Series expansion in poWers of sin(0) for each birefringent 
stage as folloWs: 

OPDSMgEZIbO+b1-sin(0)2+b2-sin(0)4+O(sin(6)6), 

Where the small amount of remaining anisotropy in the azi 
muthal angle is ignored. In designing a ?lter, the sum of the 
OPD’s is designed to be equal to a predetermined value, such 
as 1 mm, With as little variation as possible across the desired 
?eld of vieW. If both stages are made from the same material, 
this is impossible because the aj and bj coe?icients are iden 
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4 
tical. If the thicknesses and orientation of the extraordinary 
axes are chosen so that al+bl:0, then no OPD Will be gener 
ated. 

If tWo different birefringent materials are used, each With 
different optical properties, then the thicknesses and orienta 
tion can be chosen so that al+bl:0 While retaining a nonzero 
value for aO+bO. The tWo stage ?lter, as a unit, then has the 
desired OPD, e. g., 1 mm, While the quadratic dependence on 
the cone angle is eliminated. The remaining error is propor 
tional to sin(0)4. 
The ?eld of vieW can be increased still further by adding a 

controlled amount of sin(0)2 variation by setting al—bl to a 
nonzero value Which partially cancels the contribution of the 
sin(0)4 and other higher terms. Typically this optimization 
Will reduce the maximum OPD error across the ?eld of vieW 
by about 8x. 
Even further increases can be made in the ?eld of vieW by 

adding a third or fourth stage. Each successive stage of a 
different birefringent material Will alloW cancellation of 
another order of sin(0)2. Thus three stages, if appropriately 
con?gured, Will alloW complete cancellation of sin(0)2 and 
sin(0)4, although the optimal design Would adjust these layer 
thicknesses to cancel large portions of the higher order sin 
terms as Well. 

FIG. 4A compares the variation in the OPD of an optimized 
birefringent ?lter composed of tWo materials for tWo azi 
muthal angles, (PIO and q>:45', over an angle of incidence 
range of—l0°<0<l0°. The error in the OPD is held to a very 
small fraction of a Wave over the 200 ?eld-of-vieW. FIG. 4B 
compares the variation in the OPD of the same birefringent 
?lter over an angle of incidence range —20°<0<20°. 

Errors in the OPD of the ?lter across the ?eld of vieW affect 
the transmission of the ?lter proportional to [l +cos(2J'cOPD/ 
7»)]/2. FIGS. 5A and 5B illustrate the OPD error and light 
transmission through a birefringent hyper-spectral ?lter over 
an angle of incidence range of 0°<<|><l0°. A three stage hyper 
spectral ?lter, constructed using three birefringent ?lters 
using the same type of con?guration that is disclosed in US. 
Pat. No. 6,580,509, the disclosure of Which is incorporated 
herein by reference, Was simulated to create these charts, 
Where each stage Was simulated With LiNbO3 and YVO4 as 
the birefringent layers in each of the ?rst and second stages, 
respectively. Other knoWn birefringent materials, such as 
Calcite, TeO2, PbMoO4, and the like, may also be used for the 
birefringent layers. The same three stage ?lter con?guration 
Was used to generate the charts of FIGS. 5C and 5D, Which 
illustrate the OPD error and light transmission through a 
birefringent hyper-spectral ?lter over an angle of incidence 
range of 0°<¢<20°. Depending upon the materials chosen and 
the needs of the application, the birefringent hyper-spectral 
?lter may be advantageously used for angles of incidence that 
are greater than 20°. 
One advantage of the birefringent hyper-spectral ?lter is 

that it can be made more compact than currently knoWn 
hyper-spectral ?lters. For example, the hyper-spectral ?lter 
discussed inU.S. Pat. No. 6,580,509 requires a volume of3D3 
for each ?lter stage, Where D represents the beam diameter of 
light emerging from a single ?lter. In contrast, a single bire 
fringent hyper-spectral ?lter can be constructed With a vol 
ume of D3 . In addition, a birefringent hyper-spectral ?lter can 
also be made lighter because of the materials that may be 
used. Moreover, because a birefringent hyper-spectral ?lter 
uses transmissive materials, as opposed to the re?ective mate 
rials, feWer alignment issues arise during assembly. 

FIG. 6 illustrates a con?guration for the birefringent and 
half-Wave plate layers in a birefringent ?lter Which enables 
the depths of the layers to be tuned for a desired Wavelength 



US 7,400,448 B2 
5 

once the ?lter is deployed. Each birefringent layer 70, 72 
includes a pair of Wedge-shaped layers 74, 76, 78, 80 having 
the angled sides facing each other. The half-Wave plate 82 is 
disposed betWeen the inner Wedge-shaped layers 76, 78 and 
also includes a pair of Wedge-shaped layers 84, 86, each 
respectively attached to the inner Wedge-shaped layers 76, 78 
of the birefringent layers 70, 72. The overall depth of the 
half-Wave plate 82 and each birefringent layer 70, 72 is con 
trolled by lateral movement of the individual Wedge-shaped 
layers. For example, by moving the inner Wedge-shaped lay 
ers 76, 78 in the directions indicated by the arroWs marked 
‘A’, the depth of the half-Wave plate 82 is decreased. Move 
ment of these layers 76, 78 in the opposite direction increases 
the depth of the half-Wave plate 82. After the depth of the 
half-Wave plate 82 is tuned to a desired Wavelength, then the 
depth of the birefringent layers 70, 72 may be tuned accord 
ingly. The depth of the birefringent layers 70, 72 is reduced by 
moving the outer Wedge-shaped layers 74, 80 in the directions 
indicated by the arroWs marked ‘B’. Movement of these lay 
ers 74, 80 in the opposite direction increases the depth of the 
birefringent layers 70, 72. 

The angle of the Wedge in each Wedge-shaped layer can be 
fairly small to adjust the overall OPD. With a small angle, the 
amount of Wedge movement required to adjust the OPD is 
much larger and the ?lter can be easily tuned. Alternatively, 
the angle of the Wedges can also be made larger so that the 
Wavelength can be tuned continuously across a larger range. 

Thus, a birefringent hyper-spectral ?lter is disclosed, one 
Which can produce consistent desired OPDs over large varia 
tions in angle of incidence, regardless of the aZimuthal angle. 
While embodiments of this invention have been shoWn and 
described, it Will be apparent to those skilled in the art that 
many more modi?cations are possible Without departing 
from the inventive concepts herein. The invention, therefore, 
is not to be restricted except in the spirit of the folloWing 
claims. 
What is claimed is: 
1. A birefringent spectral ?lter comprising: 
a ?rst birefringent stage adapted to generate an optical path 

difference (OPD) betWeen tWo polariZations of incident 
light propagating along each of tWo orthogonal axes, 
respectively, the ?rst birefringent stage comprising: 

a ?rst layer of a ?rst birefringent material having a ?rst 
depth and a ?rst extraordinary axis aligned With a ?rst of 
the tWo orthogonal axes; 

a second layer of the ?rst birefringent material having the 
?rst depth and a second extraordinary axis, the second 
extraordinary axis being orthogonal to the ?rst extraor 
dinary axis; and 

a ?rst half-Wave plate disposed betWeen the ?rst and sec 
ond layers of birefringent material; 

a third layer of a second birefringent material optically 
coupled to the ?rst birefringent stage, the third layer 
having a second depth and a third extraordinary axis 
aligned With one of the tWo orthogonal axes; and 

a fourth layer of the second birefringent material optically 
coupled to the third layer of birefringent material, the 
fourth layer having the second depth and a fourth 
extraordinary axis, the fourth extraordinary axis being 
orthogonal to the third extraordinary axis, Wherein 

the second birefringent material is different from the ?rst 
birefringent material, 

the third and fourth layers are adapted to generate a further 
OPD betWeen the tWo polariZations of incident light, and 

the second depth is different from the ?rst depth and is 
adapted to enlarge a ?eld of vieW by controlling an 
amount of contribution to the total OPD from second and 
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6 
higher orders of the sine of a cone angle, 6, of light 
incident upon the ?lter; and 

a polarizing beam splitter optically coupled to the ?rst 
birefringent stage. 

2. The ?lter of claim 1, Wherein each of the ?rst and second 
layers comprises a pair of Wedge-shaped layers. 

3. The ?lter of claim 2, Wherein each layer Within each pair 
of Wedge-shaped layers is movable in a direction Which is 
perpendicular to an optical axis of the ?rst birefringent stage. 

4. The ?lter of claim 1, Wherein the ?rst half-Wave plate 
comprises a pair of Wedge-shaped layers. 

5. The ?lter of claim 4, Wherein each layer Within the pair 
of Wedge-shaped layers is movable in a direction Which is 
perpendicular to an optical axis of the ?rst birefringent stage. 

6. The ?lter of claim 1, Wherein the third and fourth layers 
are optically coupled betWeen the ?rst birefringent stage and 
the polariZing beam splitter. 

7. The ?lter of claim 6, further comprising: 
a second half-Wave plate disposed betWeen the third and 

fourth layers. 
8. The ?lter of claim 7, Wherein the second half-Wave plate 

comprises a pair of Wedge-shaped layers. 
9. The ?lter of claim 8, Wherein each layer Within the pair 

of Wedge-shaped layers is movable in a direction Which is 
perpendicular to an optical axis of the ?rst birefringent stage. 

10. The ?lter of claim 1, Wherein each of the third and 
fourth layers comprises a pair of Wedge-shaped layers. 

11. The ?lter of claim 10, Wherein each layer Within each 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the ?rst birefringent 
stage. 

12. The ?lter of claim 1, Wherein the third and fourth layers 
are optically coupled on opposite sides of the ?rst half Wave 
plate. 

13. A birefringent spectral ?lter comprising: 
a ?rst multi-layer birefringent stage including tWo ?rst 

stage layers of a ?rst birefringent material, the tWo ?rst 
stage layers having ?rst orthogonal extraordinary axes 
and each having a ?rst depth, the ?rst birefringent stage 
being adapted to generate an optical path difference 
(OPD) betWeen tWo polariZations of incident light 
propagating along each of tWo orthogonal axes, respec 
tively; 

a second multi-layerbirefringent stage optically coupled to 
the ?rst birefringent stage, the second birefringent stage 
including tWo second stage layers of a second birefrin 
gent material, different from the ?rst birefringent mate 
rial, the tWo second stage layers having second orthogo 
nal extraordinary axes, each of the second pair of 
extraordinary axes being parallel to one of the ?rst pair 
of extraordinary axes, and each second stage layer hav 
ing a second depth, the second birefringent stage being 
adapted to generate a further OPD betWeen the tWo 
polariZations of incident light, Wherein the second depth 
is different from the ?rst depth and the further OPD is 
nearly independent is adapted to enlarge a ?eld of vieW 
by controlling an amount of contribution to the total 
OPD from second and higher orders of the sine of a cone 
angle, 6, of light incident upon the ?lter; and 

a polariZing beam splitter optically coupled to the second 
birefringent stage. 

14. The ?lter of claim 13 Wherein the ?rst birefringent stage 
further includes 

a half-Wave plate disposed betWeen the tWo ?rst stage 
layers of the ?rst birefringent material. 

15. The ?lter of claim 13, Wherein each of the tWo ?rst stage 
layers comprises a pair of Wedge-shaped layers. 
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16. The ?lter of claim 15, wherein each layer Within each 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the second birefringent 
stage. 

17. The ?lter of claim 14, Wherein the half-Wave plate 
comprises a pair of Wedge-shaped layers. 

18. The ?lter of claim 17, Wherein each layer Within the 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the second birefringent 
stage. 

19. The ?lter of claim 13, Wherein the second birefringent 
stage further includes 

a half-Wave plate disposed betWeen the tWo second stage 
layers of the second birefringent material. 

20. The ?lter of claim 19, Wherein the half-Wave plate 
comprises a pair of Wedge-shaped layers. 

21. The ?lter of claim 20, Wherein each layer Within the 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the second birefringent 
stage. 

22. The ?lter of claim 13, Wherein each of the tWo second 
stage layers comprises a pair of Wedge-shaped layers. 

23. The ?lter of claim 22, Wherein each layer Within each 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the second birefringent 
stage. 

24. A birefringent spectral ?lter comprising: 
a ?rst birefringent stage adapted to generate an optical path 

difference (OPD) betWeen tWo polarizations of incident 
light propagating along each of tWo orthogonal axes, 
respectively, the ?rst birefringent stage comprising: 

a ?rst layer of a ?rst birefringent material having a ?rst 
depth; 

a second layer of the ?rst birefringent material having the 
?rst depth, Wherein the ?rst and second layers of the ?rst 
birefringent material have orthogonally aligned extraor 
dinary axes; and 

a ?rst half-Wave plate disposed betWeen the ?rst and sec 
ond layers of the ?rst birefringent material; 

a second birefringent stage optically coupled to the ?rst 
birefringent stage and adapted to generate a further OPD 
betWeen the tWo polarizations of incident light the sec 
ond birefringent stage comprising: 

a ?rst layer of a second birefringent material having a 
second depth; 

a second layer of the second birefringent material having 
the second depth, Wherein the ?rst and second layers of 
the second birefringent material have orthogonally 
aligned extraordinary axes, each of Which is parallel to 
one of the extraordinary axes in the ?rst birefringent 
stage, and the second birefringent material is different 
from the ?rst birefringent material; and 

a second half-Wave plate disposed betWeen the ?rst and 
second layers of the second birefringent material, 
Wherein the second depth is different from the ?rst depth 
and is adapted to enlarge a ?eld of vieW by controlling an 
amount of contribution to the total OPD from second and 
higher orders of the sine of a cone, 6, of light incident 
upon the ?lter; and 

a polarizing beam splitter optically coupled to the second 
birefringent stage. 

25. The ?lter of claim 24, Wherein each of the ?rst and 
second layers of the ?rst birefringent material comprises a 
pair of Wedge-shaped layers of the ?rst birefringent material. 
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26. The ?lter of claim 25, Wherein each layer Within each 

pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the ?rst birefringent 
stage. 

27. The ?lter of claim 24, Wherein the ?rst half-Wave plate 
comprises a pair of Wedge-shaped layers. 

28. The ?lter of claim 27, Wherein each layer Within the 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the ?rst birefringent 
stage. 

29. The ?lter of claim 24, Wherein each of the ?rst and 
second layers of the second birefringent material comprises a 
pair of Wedge-shaped layers of the second birefringent mate 
rial. 

30. The ?lter of claim 29, Wherein each layer Within each 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the second birefringent 
stage. 

31. The ?lter of claim 24, Wherein the second half-Wave 
plate comprises a pair of Wedge-shaped layers. 

32. The ?lter of claim 31, Wherein each layer Within the 
pair of Wedge-shaped layers is movable in a direction Which 
is perpendicular to an optical axis of the second birefringent 
stage. 

33. A Wide ?eld of vieW birefringent phase retarder com 
prising: 

a ?rst birefringent stage adapted to generate an optical path 
difference (OPD) betWeen tWo polarizations of incident 
light propagating along each of tWo orthogonal axes, 
respectively, the ?rst birefringent stage comprising: 

a ?rst layer of a ?rst birefringent material having a ?rst 
depth and a ?rst extraordinary axis aligned With a ?rst of 
the tWo orthogonal axes; 

a second layer of the ?rst birefringent material having the 
?rst depth and a second extraordinary axis, the second 
extraordinary axis being orthogonal to the ?rst extraor 
dinary axis; and 

a ?rst half-Wave plate disposed betWeen the ?rst and sec 
ond layers of birefringent material; 

a third layer of a second birefringent material optically 
coupled to the ?rst birefringent stage, the third layer 
having a second depth and a third extraordinary axis 
aligned With one of the tWo orthogonal axes; and 

a fourth layer of the second birefringent material optically 
coupled to the third layer of birefringent material, the 
fourth layer having the second depth and a fourth 
extraordinary axis, the fourth extraordinary axis being 
orthogonal to the third extraordinary axis, Wherein 

the second birefringent material is different from the ?rst 
birefringent material, 

the third and fourth layers are adapted generate a further 
OPD betWeen the tWo polarizations of incident light, and 

the second depth is different from the ?rst depth and is 
adapted to enlarge a ?eld of vieW by controlling an 
amount of contribution to the total OPD from second and 
higher orders of the sine of a cone angle, 6, of incident 
light of light. 

34. A Wide ?eld of vieW birefringent phase retarder com 
prising: 

a ?rst birefringent stage adapted to generate an optical path 
difference (OPD) betWeen tWo polarizations of incident 
light propagating along each of tWo orthogonal axes, 
respectively, the ?rst birefringent stage comprising: 
a ?rst layer of a ?rst birefringent material having a ?rst 

depth; 
a second layer of the ?rst birefringent material having 

the ?rst depth, Wherein the ?rst and second layers of 
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the ?rst birefringent material have orthogonally aligned extraordinary axes, each of Which is parallel 
aligned extraordinary axes; and to one of the extraordinary axes in the ?rst birefrin 

a ?rst half-Wave plate disposed betWeen the ?rst and gent stage, and the second birefringent material is 
second layers of the ?rst birefringent material; different from the ?rst birefringent material; and 

a second birefringent stage optically coupled to the ?rst 5 a second half-Wave plate disposed betWeen the ?rst and 
birefringent stage and adapted to generatea further OPD second layers of the second birefringent material, 
betWeen the tWo polariZations of incident light, the sec- Wherein the second depth is different from the ?rst 
ond birefringent stage comprising: depth and is adapted to enlarge a ?eld of VieW by 
a ?rst layer of a second birefringent material having a controlling an amount of contribution to the total 

second depth; 10 OPD from second and higher orders of the sine of a 
a secondlayer of the secondbirefringent material having cone angle, 6, of the incident light. 

the second depth, Wherein the ?rst and second layers 
of the second birefringent material have orthogonally * * * * * 


